ABSTRACT This paper is devoted to improving the synchronization and robustness performance of a parallel robot used for automobile electro-coating conveying via a novel synchronous robust sliding mode control (SMC). A sliding surface is designed based on a composite error, which is composed of the tracking error of each joint and the synchronization errors among the joints. By incorporating a nonlinear disturbance observer into the finite-time SMC based on the composite error, the synchronous robust SMC of the parallel robot is realized. The finite-time Lyapunov stability of the sliding variable and the asymptotic convergence of the tracking error and synchronization error have been proved theoretically. The lumped disturbance in the system is estimated by the proposed scheme, and restriction on the change rate of the lumped disturbance has been relaxed. Due to the feedforward compensation with the disturbance estimation value, the switching gain of SMC required is merely larger than the upper bound of the disturbance estimation error, rather than the upper bound of the disturbance, resulting in chattering attenuation. Finally, the numerical simulation and experiment on the prototype system of the parallel robot are implemented to validate the effectiveness of the synchronous robust SMC.
I. INTRODUCTION
As a pivotal element in the car body pretreatment process, an advanced electro-coating conveying robot can improve the quality of car body electrophoretic coating and the manufacturing efficiency. To improve the carrying capacity and the flexibility of the existing automobile electro-coating conveying equipment with cantilever beam series structure, a self-developed parallel robot was designed for the automobile electro-coating conveying. The parallel robot exhibits the merits of strong carrying capacity, high location precision, low inertia and rapid response owing to its parallel structure [1] - [3] . However, on the aspect of control, the parallel robot is a complex nonlinear system with multi-input multi-output and strong coupling, which complicates the control issue of it.
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In order to achieve the high performance control of the parallel robot, the problems of improving the robustness and synchronization performance of the system are considered in the paper. This is due to the following two points. Firstly, from the multi-branch closed-chain characteristic of the parallel robot and the actual operating environment, the mathematical model is complex and difficult to establish precisely, the modeling errors are inevitable and the external disturbance and the friction exist as well. These uncertainties may result in inaccuracy in the movement of the joints and end effector, and even instability of the overall system. Thus, the system robustness should be enhanced. Secondly, from the structural features of the parallel robot, it is a bilaterally symmetrical type mechanism with three parallel branches in each side. Since the parallel robot has multiple active joints, the control accuracy, security and reliability of the system are affected by the synchronization among active joints. Therefore, the improvement of the synchronization performance should be studied.
The sliding mode control (SMC) [4] , belonging to robust control scheme, possesses several advantages, such as insensitivity to uncertainties, fast dynamic response, and simplicity in implementation [5] - [7] . Whereas, in the case of large uncertainties such as unmodeled dynamics and external disturbance in the system, a switching gain which is larger than the upper bound of the uncertainties should be selected to ensure the system robustness. While such a large switching gain may cause chattering phenomenon, which may induce fatigue in mechanical parts and even destroy the system in a short time, and is thus harmful to the control system [5] , [8] , [9] . The switching gain selected by tradeoff decisions may neither maintain the strong robustness of the system nor fix the chattering problem effectively.
To this end, the SMC scheme based on linear disturbance observer, originally proposed in [10] , is applied in a position tracking control system to improve the system robustness and reduce the chattering. Recently, the nonlinear disturbance observer (NDO) [11] , [12] has been introduced in SMC to improve the robustness and alleviate the chattering effect in nonlinear systems. The NDO based SMC with exponential reaching law is proposed for a cable-driven rehabilitation robot in [13] . For the permanent magnet synchronous motor drive system [14] , a nonsingular terminal SMC strategy based on the NDO is developed with small chattering since smaller switching gain is needed for this algorithm. A sliding mode position tracking control scheme using NDO is proposed for a two-link robotic manipulator suffering from system uncertainty and disturbance in [15] , the trajectory tracking precision and system robustness is enhanced due to the NDO. Unfortunately, the derivative of the lumped disturbance is supposed to be zero in [13] , [15] , which limits the application of this approach to some extent.
Moreover, the aforementioned SMC methods based on NDO have a common feature: the sliding surface is designed based on the tracking error, the system states reach the sliding surface first by SMC, and then the tracking error is ensured to converge to zero. However, when it comes to the parallel robot for automobile electro-coating conveying, due to the strong coupling among the joints, the synchronization among the active joints should be considered as well. For the same purpose of improving the synchronization performance, SMC has been proposed for a hybrid mechanism in [16] , [17] . However, the derivative of the Lyapunov function is proved to be negative semi-definite, so the sliding variable is only asymptotically stable. Besides, the sign function is replaced with a continuous function in [16] , as the price of chattering alleviation, this approximation method has to sacrifice the robustness of the closed-loop system [18] , [19] .
To this end, a synchronous robust SMC (SRSMC) method for the parallel robot is developed in this paper. By incorporating a NDO into the SMC, the SRSMC is realized via a sliding surface based on a composite error, which is composed of the tracking error and the synchronization error. The synchronization among the active joints is improved by the introduction of the composite error. The system robustness is enhanced by the superiority of SMC and the disturbance estimation and compensation via the SRSMC method. The main contributions are exhibited as following: 1) Due to the feedforward compensation with the disturbance estimation value, the switching gain of SMC required is merely larger than the upper bound of the disturbance estimation error, instead of the upper bound of the disturbance, thus the chattering of SRSMC is suppressed for better implementation;
2) The change rate of the lumped disturbance term is only assumed to be bounded, rather than approximate to zero, relaxing the constraint on the lumped disturbance in system; 3) The asymptotic convergence of the tracking error and synchronization error has been theoretically proved, the synchronization performance among the joints is thus improved; 4) The finite time stability of the sliding variable is ensured via Lyapunov theory.
The rest of the article is organized as follows. Section II presents the dynamic model of the parallel robot with lumped disturbance and the problem formulation. The design of controllers and the proofs of finite time stability are covered in Section III. In Section IV and V, by MATLAB simulation and the experiment based on the parallel robot prototype system, the proposed SRSMC approach is compared with only the composite error based SMC without NDO (CE-SMC) and only the NDO based SMC without composite error (NDO-SMC), respectively, to further verify its effectiveness. Finally, the concluding remarks are outlined in Section VI.
II. DYNAMIC MODELING AND PROBLEM FORMULATION
In this section, the parallel robot for automobile electrocoating conveying is briefly introduced first, and then the dynamic model with lumped disturbance is established and the problem formulation is finally presented. 
A. DESCRIPTION OF THE PARALLEL ROBOT
The unilateral structure of the bilaterally symmetrical parallel robot is shown in Fig. 1 . The forward and backward movement of the parallel robot is driven by the walking wheels. The up-down and turnover movement is achieved by two VOLUME 7, 2019 symmetrical parallel mechanisms. The rack of the lifting and turning mechanism (LTM) is the motion part of the walking mechanism. Two sets of LTM are connected via a connecting rod and a fixed mount used to place the car body. The LTM consists of a lifting part fixed on the walking mechanism and a turning part fixed on the connecting rod. Via the combination of the walking mechanism and the LTM, the car body is driven to accomplish the forward and backward, up and down, turnover and compound movement.
B. DYNAMIC MODEL OF THE PARALLEL ROBOT
The dynamic equation of the parallel robot in Cartesian space is established as
where= (x z β) T is the pose vector of the end-effector, M M M () is the inertial matrix, C C C(,) is the centrifugal and Coriolis force item, G G G() is the gravity item, and Q Q Q is the generalized driving force vector.
To get the driving force of the active joints, the dynamic model in joint space should be considered. The relation between= (x z β) T and the pose vector x x x of the active joints can be expressed asq
is the Jacobian matrix of the parallel robot, J J J () + is the pseudo-inverse of J J J (); The relation between the generalized driving force vector Q Q Q and the driving force vector τ τ τ of the active joints can be formulated
The dynamic model of the parallel robot in the joint space is given below
Considering the modeling errors, the unknown external disturbance and the friction during the actual operation process, the dynamic model of the parallel robot is given as The dynamic model (3) can be rewritten as
where
(x x x) are symmetric positive matrixes. In practical control of the parallel robot studied in this paper, the modeling errors, external disturbance and friction contained in D D D(t) will affect the control performance of it.
C. PROBLEM FORMULATION
The parallel robot for automobile electro-coating conveying is composed of six active joints, including four sliders and two driving wheels. To keep it running smoothly, the actual trajectory of the active joints x x x(t) should approach the desired trajectory x x x d (t), i.e., lim
The tracking error is defined as
where x id (t) and x i (t) are the desired and actual trajectory of the i-th slider, respectively; φ jd (t) and φ j (t) denote the desired and actual rotation angle of the j-th driving wheel, respectively. Suppose e 1 (t) = e x1 , e 2 (t) = e x2 , e 3 (t) = e x3 , e 4 (t) = e x4 , e 5 (t) = e φ1 , e 6 (t) = e φ2 , in order to realize the synchronization control of each active joint, the tracking error of each active joint should satisfy
Equation (6) can be decomposed into six sub-goals, i.e., 
Additionally, the effect of the lumped disturbance exists in the actual control system. Considering that SMC possesses distinctive advantages, such as insensitivity to uncertainties, fast dynamic response, and simplicity in implementation, the SMC method is applied in this paper.
The purpose of this study is to design a synchronous robust sliding mode controller for the parallel robot, so as to enable the actual trajectory x x x(t) to track the desired trajectory x x x d (t) as closely as possible, and at the same time the tracking error of each active joint should coincide with (7). In the following section of controller design, a composite error is presented by the combination of the tracking error and the synchronization error, a sliding surface is designed based on this composite error, the SRSMC is proposed for the parallel robot via the introduction of a NDO.
The control schematic diagram of the first slider and the second driving wheel of the parallel robot is given in Fig. 2 , and the control principle of the other active joints is similar. Take the first slider as an example, the composite error of the first slider contains not only the tracking error e 1 but also the synchronization error between the first and second slider ε 12 , the synchronization error between the first and fourth slider ε 41 . e 1 , ε 12 , ε 41 converge to zero as the composite error converges to zero, hence the synchronization can be ensured.
As shown in Fig. 2 , 
Remark 1:
The parallel robot studied in this paper works indoors and the operating environment is relatively stable. Generally, a sharp change of the lumped disturbance in the system will not happen. Hence it is reasonable to assume that the change rate of the lumped disturbance is bounded. Moreover, compared to [13] , [15] , [24] , [25] , the restriction in the paper has already been relaxed.
Remark 2: The friction term H H H (t) = F F F c sgn(ẋ x x) + B B B cẋ x x includes in the lumped disturbance D D D(t). The sign function in D D D(t)
is non-differentiable only whenẋ x x = 0, which means the velocities of the active joints are zero. This happens only at the beginning and end of the movement process, the operation of the system will not be affected.
Remark 3: · denotes the vector norm, suppose a n-
It is obvious that Lemma 1 is true when n = 1, 2. Suppose that Lemma 1 is true when n = k, i.e., (|x 1 | + · · · + |x k |) 2 ≥ x 2 1 + · · · + x 2 k . Based on the above assumption, when n = k + 1, we have
Further, we have
. Thus Lemma 1 is true when n = k + 1. According to the mathematical induction, the property in Lemma 1 is valid.
III. CONTROLLER DESIGN A. THE DESIGN OF CE-SMC
It follows from (7) that the synchronization errors can be defined as
ε 12 (t) = e 1 (t) − e 2 (t) ε 23 (t) = e 2 (t) − e 3 (t) ε 34 (t) = e 3 (t) − e 4 (t) ε 41 (t) = e 4 (t) − e 1 (t) ε 56 (t) = e 5 (t) − e 6 (t) ε 65 (t) = e 6 (t) − e 5 (t) (8) where ε ij (t) (i = 1, · · · , 6) is the synchronization error between the i-th and the j-th active joints. Note that (7) can be satisfied if lim t→∞ ε ij (t) = 0. To eliminate the tracking error of each joint and the synchronization errors among the joints for the realization of synchronization control, the composite error is defined by integrating the tracking error e i (t) with the synchronization error ε ij (t) as follows
with β i > 0 (i = 1, · · · , 6) being the coupling parameters, and
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The composite error vector is defined as e e e * = e e e(t) + β β β t 0 ξ ξ ξ (τ )dτ (11) where e e e(t) = (e 1 e 2 · · · e 6 ) T is the tracking error, β β β = diag(β 1 , · · · , β 6 ) and ξ ξ ξ = (ξ 1 ξ 2 · · · ξ 6 ) T is the deviation of synchronization error. The sliding mode surface based on the composite error vector defined in (11) is designed as S S S =ė e e * + A A Ae e e * (12) where A A A = diag(a 1 , · · · , a 6 ) is reversible and a i > 0 (i = 1, · · · , 6).
Taking the derivative of S S S and substituting (4), (11) into it yieldṡ S S S =ë e e * + A A Aė e e * =ẍ
The parallel robot studied in the paper satisfies the following assumption [2] , [25] .
Assumption 2: D D D(t) is bounded, and we can find a constant such that D D D(t) ≤ d 2 .
We are now ready to give the first result of the paper.
Theorem 1: For the dynamical model (4), under Assumption 2, if the CE-SMC law is designed as
Then the sliding variable S S S will stable to the origin in a finite time. Proof: Substituting (14) into (13) yieldṡ
Select a Lyapunov function as V 1 (S S S) = 0.5S S S T S S S.
Taking the derivative of V 1 along system (15) produceṡ
Since
k 1i , then by Lemma 1, we havė
1 . According to the Lyapunov stability theory [21] , [22] , the sliding mode variable S S S will stable to the origin in a finite time.
Remark 4: If the derivative of the Lyapunov function is only proved to be negative semi-definite, then S S S is asymptotically stable [22] , [23] , which means the stable time can be infinite. In this paper, the time for S S S to stable to the origin is t r ≤ 2V 1/2 1 (0)/η. Since the robustness property of SMC holds when the states reach the sliding mode surface, the finite time stability of S S S is quite essential for robotic systems. Incidentally, all the stability proofs with Lyapunov theorem in this paper refer to finite time stability.
B. THE DESIGN OF NDO
The dynamic equation (13) of S S S can be rewritten aṡ
Aė e e * . The NDO [11] , [12] applied to estimate the lumped disturbance D D D(t) in (17) is formulated as
and Z Z Z are the estimation of the lumped disturbance, the observer gain matrix to be designed and the internal state of the NDO, respectively. Next, it is ready to give the second result of the paper.
Theorem 2: Based on the condition given in Assumption 1, under the NDO (18), the disturbance estimation error D D D = D D D(t) −D D D(t) will be finite time stabilized to the region
Proof: Taking (17) and (18) 
Select the Lyapunov function as
It can be derived from (20) , for any
Hence, the error D D D will be finite time stabilized to the region .
Remark 5:
The NDO is also designed in [24] , [25] , but the lumped disturbance in the system is assumed to vary slowly, i.e.,Ḋ D D ≈ 0. It can be noted from Assumption 1 that the constraint onḊ D D is relaxed in this paper.
C. THE DESIGN OF SRSMC
The CE-SMC law without a NDO is designed in (14) , the switching gain should be larger than the upper bound of the lumped disturbance. Nonetheless, for the parallel robot system, such a bound may not be easily obtained due to the complexity and unpredictability of the lumped disturbance. While a sufficiently large switching gain will aggravate the chattering problem. In this section, a NDO is incorporated to remedy this flaw, and the robustness of the control system can be further improved due to the NDO.
The third result of this article is presented below. Theorem 3: For the dynamic model (4), under Assumption 1, if the SRSMC law is designed as (18) , then the sliding variable S S S will stable to the origin in a finite time. Additionally, the tracking error e e e and the synchronization errors ε ij (i, j = 1, · · · , 6) will both converge to zero asymptotically.
Proof: Substituting (21) into (13) giveṡ
Select a Lyapunov function as V 3 = 0.5S S S T S S S, note that D D D will stay in the region , the derivative of V 3 is expressed aṡ
Noting that
3 . Thus, the sliding mode variable S S S will stable to the origin in a finite time t r , i.e. t r ≤ 2V 1/2 3 (0)/ϑ. Further, when the system states reach the sliding mode surface at time t r , we have S S S =ė e e * + A A Ae e e * = 0 0 0, so e e e * (t) andė e e * (t) converge to zero as t → ∞. Taking the derivative of (11) providesė e e * =ė e e + β β βξ ξ ξ (t), where ξ ξ ξ (t) = (ξ 1 , · · · , ξ 6 ) T is given by (10) . Combining (8) and (10), we can find that ξ ξ ξ = H H He e e(t), where H H H is a constant matrix. From the above analysis,ė e e * =ė e e + β β βH H H · e e e(t) → 0(t → ∞) is actually a firstorder differential equation of e e e, one has lim (14) should be larger than the upper bound of disturbance. Hence, the gain K K K 1 in the SRSMC law has been significantly reduced, which is helpful to attenuate the chattering of SMC.
Remark 7: The proposed control law (21) is easy to implement, because there are only three pivotal control parameters required to be designed, i.e.,
And the relation rule between K K K 1 and L L L is explicit, the bigger l i is, the smaller k 1i can be. This rule can be followed in parameter adjustment to suppress the chattering.
Remark 8: The NDO-SMC is also exhibited in this paper for simulation comparison needs, the finite time stability proof is omitted for brevity since the proof actually does not differ much from that of Theorem 3. The NDO-SMC law is expressed as following
where S S S 1 =ė e e + A A Ae e e is the conventional sliding variable, (18) .
IV. SIMULATION RESULTS AND ANALYSIS
To verify the effectiveness of the developed SRSMC approach depicted in (21) , it is compared with the CE-SMC in (14) and NDO-SMC in (24) by MATLAB simulation.
The Coulomb friction and the coefficient of the viscous friction are set to F F F c = diag (1.1, 1.1, 1.1, 1.1, 1.1, 1.1) and B B B c = diag(1.5, 1.5, 1.5, 1.5, 1.5, 1.5), respectively. To verify the robustness of the designed method, the external disturbance is set to τ di = sin(2πt + π 2 )(N · m)(i = 1, 2, · · · , 6), which denotes the resistance of the electrophoresis bath. M M M = (1, 1, 1.1, 1.1, 1, 1.1) T is the modeling error. After simulation debugging, when the performance of the control method is optimal, the parameters in the SRSMC, CE-SMC and NDO-SMC are shown in Table 1 . The simulation results are depicted in Fig. 3-6 and Table 2 .
Since the parallel robot is bilaterally symmetrical, only the simulation results of three active joints on one side are given here. Fig. 3 provides the tracking curve of each active joint. Fig. 4 describes the tracking error curves of the unilateral active joints. Fig. 5 shows the driving force of each active joint. The synchronization error curves are depicted in Fig. 6 . The maximum steady-state errors of the unilateral active joints are presented in Table 2 .
As illustrated in Fig. 3 and Fig. 4 , compared with CE-SMC, the tracking accuracy of the active joints is higher. The data in Table 2 also indicate that the steady-state error value of the SRSMC is minimum. This is because the SRSMC can estimate and compensate the disturbance in the parallel robot system to improve the system robustness and the tracking accuracy. Moreover, a small switching gain can be selected to guarantee the strong robustness of the controller, as depicted in Fig. 5 , the chattering of SMC is alleviated. As shown in Fig. 6 , since the composite error is employed in SRSMC and CE-SMC, the synchronization performance is better compared to NDO-SMC.
V. EXPERIMENT A. CONSTRUCTION OF THE EXPERIMENTAL SYSTEM
Based on the experimental platform of the parallel robot control system shown in Fig. 7 , the motion control experiment is conducted to verify the correctness and effectiveness of the developed SRSMC method. For the parallel robot studied in this paper, a distributed SRSMC system, which is composed of a ''upper computer (Personal Computer: PC)'' and a ''lower computer (UMAC)'', is first established. The information interaction of these two parts is realized via network communication, and the motion control of the parallel robot is thus achieved. Specifically, the upper computer is mainly responsible for system initialization, data management, code compilation and real-time monitoring of the operation status of the parallel robot; The UMAC multi-axis motion controller of the lower computer is mainly responsible for the motion control of the parallel robot, and the real-time communication with the upper computer is carried out via Ethernet port to obtain instructions from the upper computer and provide information feedback. Meanwhile, the control signal output and encoder information acquisition of the servo driver of each branch are realized through the ACC-24E2A card interface. Then the hardware modules of the control system, which mainly contain personal computer, UMAC, servo control system and proximity switch, etc., are selected. Finally, the software platform of the SRSMC system is built, and the development of upper computer application program and lower computer motion program is completed.
B. EXPERIMENT RESULTS
When the end-effector of the parallel robot is performing the lifting and turning motion, the posture component in Z -direction and the β-angle component which spins around the Y -axis exist during the motion process. According to the simulation debugging results, the parameters of controllers are selected as shown in Table 1 . The SRSMC, CE-SMC and NDO-SMC were experimentally evaluated based on the prototype system of the parallel robot. The servo period of the UMAC control system was set to 447 µs. Combining with the image acquisition software PmacPlot, the experimental curves were obtained by acquiring the real-time feedback servo motor pulse signals from the absolute position encoders. The experimental results of the tracking error of the connecting rod midpoint are depicted in Fig. 8 . As can be seen from Fig. 8 , the parallel robot exhibits better tracking accuracy when the proposed SRSMC method is applied. This is due to the fact that the robustness and the synchronization of the system is improved via the SRSMC, hence the smooth operation is ensured. Since the composite error is applied to both SRSMC and CE-SMC method, Fig. 9 further depicts the experimental results of the synchronization error under these two controllers. The experimental results of the driving force are illustrated in Fig. 10 . Due to the estimation and compensation of the disturbance by the SRSMC and NDO-SMC, the chattering is reduced compared with the CE-SMC method. The experimental results further validate the feasibility and effectiveness of the developed method, so the high-performance control of the parallel robot can be achieved.
VI. CONCLUSION
A SRSMC method is developed for the parallel robot for automobile electro-coating conveying, the system robustness is enhanced and the synchronization is improved. The results are as following. 1) Rigorous proofs show that the sliding variable is finitetime Lyapunov stable, the tracking error of each active joint and the synchronization errors among the joints can both converge to zero asymptotically. 2) Restriction on the change rate of the lumped disturbance has been relaxed and the lumped disturbance is compensated with the estimation value by the proposed SRSMC method. As a result, the switching gain of SRSMC is only required to be larger than the upper bound of disturbance estimation error, rather than the upper bound of the disturbance, leading to chattering reduction. 3) Simulation and experimental results further verify the correctness and effectiveness of the proposed SRSMC approach.
